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MutL Localizes in Foci
A MutL-GFP-expressing strain was constructed similarly to the MutS-GFP strain (Table 3) GFP fusion was recessive with respect to MutL. A strain expressing both MutL and MutL-GFP did not exhibit an increased mutation frequency relative to wild-type and the cell (Figure 2A ), any MutS-GFP that is binding to did exhibit an ‫-5ف‬fold reduction in the number of cells the chromosome cannot normally be distinguished from with MutL-GFP foci relative to strains expressing only protein that is free in the cytoplasm. To address this
MutL-GFP (data not shown). issue, we treated cells with the protein synthesis inhibi-
The difference between the percentage of cells with tor chloramphenicol, which causes the nucleoid to conMutS-GFP (5%) or MutL-GFP (19%) foci could be due dense (Zusman et al., 1973) . One hour after addition of to the fact that the MutL-GFP fusion retains little or no chloramphenicol, the majority of the MutS-GFP fluores-MMR activity in vivo. In the absence of wild-type MutL, cence was coincident with the condensed nucleoids the inability to efficiently complete repair may cause the (compare Figure 2B to 2A), indicating that most of the MMR complexes containing MutL-GFP to persist longer MutS-GFP in the cell is associated with the chromosome than those containing MutS-GFP, resulting in our obserrather than free in the cytoplasm.
vation that there were more cells with foci of MutL-GFP Our observations indicate that MutS has two modes than MutS-GFP. Consistent with this, we found that in of associating with DNA. In all cells, MutS appears to MutS-GFP-expressing cells that are mutL deficient (and be distributed over the chromosome, a property that therefore lack all MMR activity) the number of cells exwould be consistent with MutS constantly scanning the hibiting MutS-GFP foci was 10% (924 cells counted), genome in search of mismatches. In some cells there compared to 5% in cells that are mutL proficient (Table is a second mode of binding that results in the formation 1). Furthermore, many of the MutS-GFP foci in the mutLof discrete foci. To further study the actions of MMR deficient cells were brighter than the MutS-GFP foci proteins in vivo, we examined the localization of MutL, seen in the cells expressing MutL (data not shown), suggesting that an inability to complete repair in the which is also essential for MMR. the steady-state levels of MutL-GFP in both the mutS ϩ and ⌬mutS strains were equivalent (data not shown). These findings are entirely consistent with biochemical studies of MMR, which have found that, after mismatch recognition by MutS, the MutS-DNA complex is bound by MutL.
MutS-GFP and MutL-GFP Form Foci in Response to Mismatches
To test the hypothesis that the MutS-GFP and MutL-GFP foci were the sites of active repair, we treated cultures with the mismatch-inducing agent 2-aminopurine (2-AP), an adenine base analog that is incorporated into nascent DNA by the DNA polymerase. 2-AP is able to form 2-AP·thymine base pairs and 2-AP·cytosine mispairs, the latter being substrates for MMR (Ronen, 1979; Glickman and Radman, 1980) . After exponentially growing cultures of MutS-GFP-or MutL-GFP-expressing cells were treated with 2-AP, the percentage of cells in the population that exhibited one focus of MutS-GFP increased from 5% to 24% (Table 1 and Figure 1B) , while the percentage that exhibited one MutL-GFP focus increased from 19% to 38% (Table 1 and Figure 1D ). In addition, 2-AP treatment resulted in a dramatic increase in the number of cells with two foci, from less than 1% for both MutS-GFP and MutL-GFP to 17% and 16%, respectively (Table 1 and Figures 1B and 1D) .
The steady-state levels of both the MutS-GFP and MutL-GFP fusion proteins, as assayed by immunoblotting, do not increase after 2-AP treatment (data not shown). This indicates that the appearance of more MutS-and MutL-GFP foci is not due to increased synthesis of the proteins but instead appears to be the result of the presence of more base-pair mismatches in the cell's DNA. Figure 1G ). However, in ⌬mutS mutL-gfp strains, the MutL-GFP foci were no longer observed of MutL. It should be noted that DNA polymerase foci persist after HPUra treatment, albeit with slightly altered ( Figure 1H ). Using immunoblotting, we determined that Tau-GFP foci are present in almost all cells regardless Figure 1E ). In addition, 2-AP treatment did not dramatically change the distribution Percentage of Cells with Foci of cells with one, two, or more Tau-GFP foci (Table 1   IPTG (Table 3) . We respectively; Table 2 ) and in cells treated with 2-AP found that 48% of the MutS-YFP foci were touching or after the removal of IPTG (13-and 8-fold reductions, coincident with Tau-CFP foci (334 MutS-YFP foci were respectively; Table 2 ). The fact that some MMR foci scored). MutS-YFP foci that did not colocalize with Taustill persist in these two experiments after either HPUra CFP foci were generally nearby them. Sample images addition or IPTG removal is likely due to residual replicaof some MutS-YFP and Tau-CFP localization patterns tion perhaps carried out by repair DNA polymerases. are shown in Figure 4 . In combination with the focus Since MMR acts on errors generated by the DNA polymeasurements described above, these data confirm merase, the fact that fewer cells have foci of MutS-and that the MMR and DNA polymerase foci are not continuMutL-GFP after the inhibition of DNA replication further ously colocalized. supports the hypothesis that the MutS-and MutL-GFP foci that we observe are the sites of active mismatch Discussion repair and are not artifacts or inactive storage structures.
A Model for the Initial Steps of Mismatch Repair In Vivo By using GFP fusions to visualize MMR proteins in living The Localization of MMR Foci with Respect to DNA Polymerase Foci
B. subtilis cells, we found that MutS, which recognizes base-pair mismatches, is associated with the chromoSince the above findings indicated that the MutS-and MutL-GFP foci represent sites of active repair and were some in all cells yet also forms discrete foci in a subset of cells. The MutL protein forms foci in a subset of dependent on DNA replication, we investigated the localization of the MMR proteins relative to that of the DNA cells as well. Several pieces of evidence support the hypothesis that these foci represent accumulations of replication factory (i.e., the replicative DNA polymerase). This factory has been found, in B. subtilis, to localize MMR proteins that have been recruited to the sites of mismatches and are actively involved in repair. First, as a focus at mid-cell or as a pair of foci at 1/4 and 3/4 of cell length Grossman, 1998, 2000 In these two models, after a dimer of MutS recognizes To determine the in vivo activity of MutS-GFP relative to MutS, Growth Media and Antibiotics the spontaneous mutation frequency of BTS61 was compared to For microscopy, all strains were grown at 30ЊC in S7 defined minimal that of isogenic mutS ϩ (BTS28) and ⌬mutS (BTS25) strains. Relative medium supplemented with 1% glucose and 0.1% glutamate (Vato BTS28, BTS61 exhibited a 2.5-fold-higher mutation frequency, santha and Freese, 1980; Jaacks et al., 1989) and with tryptophan whereas BTS25 had a 66-fold-higher frequency. This indicated that (40 g/ml) and phenylalanine (40 g/ml). Mutation frequency assays MutS-GFP retained a substantial fraction of the activity of MutS. were performed at 30ЊC using Luria-Bertani (LB) medium (Harwood BTS18 (mutL-gfp) was compared to isogenic mutL ϩ (PY79) and and Cutting, 1992). Where needed, the following antibiotics were ⌬mutL (BTS14) strains. Relative to PY79, BTS18 exhibited a 150-used: chloramphenicol (cat), 5 g/ml; spectinomycin (spc), 100 g/ fold-higher spontaneous mutation frequency, whereas BTS14 had a ml; tetracycline (tet), 12.5 g/ml; erythromycin, 0.5 g/ml and linco-‫-003ف‬fold-higher frequency. This indicated that MutL-GFP retained mycin, 12.5 g/ml, together (mls); and rifampicin, 100 g/ml. 2-AP little or no activity. Neither alteration of the linker between the MutL (Sigma) was used at 600 g/ml. HPUra was used at 50 g/ml and and GFP moieties nor the fusion of GFP to the amino terminus of was a generous gift from G. Wright (University of Massachusetts MutL increased the activity of the fusion protein. Medical Center, Worchester, MA). Where needed, IPTG was used at 500 M for amyE::P spac -mutL ϩ and -mutL-gfp and at 50 M for Cell Treatments and Scoring of MutS-GFP and MutL-GFP Foci dnaA::P spac -dnaA ϩ . The effects of 2-AP or chloramphenicol on MutS-GFP and MutL-GFP were determined in an exponentially growing culture of cells expressing either MutS-GFP (BTS61 or the cat s derivative BTS120) Construction of B. subtilis Strains Expressing MutS-GFP and MutL-GFP or MutL-GFP (BTS18). The culture was split equally, and each half was treated with 2-AP or chloramphenicol, depending on the experiWe constructed strains of B. subtilis that express translational fusions of GFP to the carboxyl termini of MutS and MutL. In each ment. The parallel (untreated and treated) cultures were then allowed to grow for 1 hr, at which time aliquots were removed for microscopy. case, the fusion gene is the only version of the gene present in the cell, is located at the gene's natural position in the chromosome, The visualization of MutS-YFP and Tau-CFP in the same cell was performed in 2-AP-treated BTS115 cells. and is expressed from its native promoter. All strains used in these studies are listed in Table 3 and were derivatives of PY79 (Youngman Experiments in which DNA replication was inhibited with HPUra were performed as follows. Cultures of BTS61 or BTS18 in midet al., 1984). All plasmids were transformed into PY79 using standard techniques (Harwood and Cutting, 1992). The mutS-gfp and mutLexponential growth were split, and one was treated with 50 g/ml HPUra, which has been shown to block DNA replication (Brown, gfp fusions were constructed using pKL147 as described (Lemon and Grossman, 1998) to generate BTS56 and BTS18, respectively. 1971). Fifteen minutes later, 2-AP was added to both parallel (ϩ/ϪHPUra) cultures. One hour after 2-AP addition, aliquots from The mutS-yfp fusion was constructed similarly using pKL184 (K. Lemon and A.D.G., unpublished data) to generate BTS85. Deletions both parallel cultures were filtered (to remove HPUra which fluoresces in the GFP channel), and then viewed under the microscope. of the mutSL operon and of the mutL gene (leaving the upstream mutS intact) were constructed using pJL74 (LeDeaux and GrossExperiments in which DNA replication was inhibited by removing inducer (IPTG) from cultures of dnaA::P spac -dnaA strains were carried man, 1995) to generate BTS13 and BTS14.
An amyE::P spac -mutL ϩ construct was made by amplifying mutL ϩ out essentially as described (Lemon and Grossman, 1998). 2-AP was added to the ϩ and -IPTG cultures two doublings after removal from PY79 and cloning it into pDR66 (Ireton et al., 1993) downstream of the IPTG-inducible P spac promoter. This plasmid was used to genof IPTG, and the cells were viewed two doublings after 2-AP addition. Since the amyE::P spac -mutL ϩ construct uses the same IPTG inducible erate BTS23. BTS72, a cat S mls R derivative of BTS23, and BTS107, a cat S tet R derivative of BTS77, were constructed by transformation promoter as dnaA::P spac -dnaA ϩ , the removal of IPTG from the culture
